Abstract-In this paper, the formation flight of multiple Unmanned Helicopter (UH) systems is researched and a new decentralized receding horizon formation control algorithm is supposed. The formulation of formation control problem is firstly given where a local tracking controller for each helicopter system is supposed and the flight trajectories are taken as optimizing variables. Secondly, full dynamics of UH system is introduced into the formation control algorithm by a new concept of Formation Control Lyapunov Functions (FCLF). Subsequently, the convergence of the proposed formation control algorithm is ensured by combining the concept of FCLF and some constraints with respect to the optimized variables. Finally, in order to verify the feasibility and validity of the proposed algorithm, the formation flight simulations of 3 UH systems are conducted.
I. INTRODUCTION
NMANNED helicopter (UH) has been extensively used in all kinds of applications due to its high maneuverability and flexibility. Thus, the researches about UH system, including the stability augmentation, tracking control, and trajectory planning, have been greatly conducted during past decades (see [1] - [4] and the references therein). However, when facing a high complicated task, single UH system is usually insufficient in either autonomy or intelligence. While, cooperation/coordination of multiple UH systems is considered as a good substitution of that and has obtained great attentions in most recent.
In the cooperation/coordination of multiple robot systems, the formation control, i.e., multiple systems working together with a fixed geometry configuration, is a top important problem. And many formation control strategies have been published, such as the leader-follower version [5] , behavior based one [6] , and virtual structure method [7] . Most recently, receding horizon control (RHC), also called model based predictive control, has also been employed in formation control because it can achieve a sub-optimal behavior with a simultaneous consideration of the constraints. And how to design convergent and decentralized formation control algorithm are two key topics during the research of receding horizon formation control [8] - [10] . As far as the formation flight control of multiple UH systems is concerned, many existing formation control strategies can be used. For example, in [11] , the leaderfollower strategy is utilized. Receding horizon formation control of multiple UH systems can also be found in [12] - [15] , these algorithms can be divided as centralized methods and decentralized ones. In centralized algorithms, the formation control problem is modeled as a controller design problem and the optimal behavior of all UH systems are obtained simultaneously by solving a high-dimensional optimal control problem. While in decentralized versions, the receding horizon strategy is usually used as a tracking controller of each single RH system, and the formation is realized by integrating some neighboring states penalties into the cost function of receding horizon algorithm.
However, the existing algorithms are difficult to be used in real systems due to the following reasons: 1) the centralized algorithm can usually ensure the convergence, but the huge computational burden make it unfit for real applications; 2) the full dynamics is the most direct and complete constraints that the UH system subjects to, however, it is terrific tough to be considered in receding horizon formation control algorithm because of the accompanied huge computational burden; 3) the convergence of decentralized receding horizon formation control algorithm is difficult to be ensured, especially when the dynamics model is considered.
In this paper, a new framework of decentralized receding horizon formation flight control of multiple UH systems is proposed to solve the preceding disadvantages by using a new concept of Formation Control Lyapunov Functions (FCLF) and some constraints with respect to the optimized inputs.
II. DYNAMICS MODEL OF UH SYSTEM
Supposing that each UH system can be modeled as follows, (1) is obtainable by some nonlinear control technique, for example, feedback linearization tracking [3] . And (1) 
The detailed definition of f 1 , g 1 , f 2 , g 2 can be found in [3] . And the closed loop can be denoted as following form,
where i (i = 1, 2, …, N) denotes the ith UH system; x i n ∈ , u i ∈ m are state and input vector; y i d is the desired output; f i (.), L i (.) and l (.)∈ C ∞ are system and constraint functions;
The constraints in Eq. (3) are necessary and important due to the following two reasons: 1) the state and input constraints are both unavoidable in real systems; 2) Eq. (1) is only an approximate model of real helicopter system, and the state constraints must be considered to ensure the validity of the designed tracking controller.
With tracking controller, each UH system can track its desired output trajectory. Thus, the formation can be implemented by each UH system tracking corresponding desired trajectory. Define the desired formation as a set {y 1 
where y(t) and y d (t) are the output and desired output of the formation defined as following equations,
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III. THE CONCEPT OF TCLF AND FCLF Taking y i d (i=1,2,…,N) as inputs, the formation control problem I is equivalent to the tracking controller synthesis problem. Thus, many nonlinear controller design strategies can be used to solve problem I.
CLF is a new tool for nonlinear control, and it can also find the effectiveness in improving the performance of nonlinear RHC (NRHC) [17] . In this paper, in order to use it in the formation control, the following two new concepts from traditional CLF are firstly given: 
where σ(.) is a class K function.
where σ(.) is a class K function. █ With definition I, the following proposition is obtainable, Proposition I,
is a local continuous feedback tracking controller of system (3), and V(x i ,y i,d ,t) is a Lyapunov function of the closed loop system (3)-(4). Then the following positively definite function ( , , , ) ( , , )
is a TCLF of the following enhanced system,
with the desired states
where ς i is a new-defined variable vector with the same dimension as y i
is a TCLF of the second sub-system of (10) .
Similarly, there exists v i satisfying inequality,
From Eq. (13), we can obtain v i such that, 1 2 ( , , , (9) is a TCLF of system (10) with the desired states (11) for all [x i , ς i ] in the following set,
where r m is the maximum r such that the projection of m r E in the state space of system (3) belongs to E. █ For the purpose of simplification, (10) can be rewritten as, ( ) 
With Proposition I, we have the following Theorem, Theorem I:
If each single enhanced system (17) has its own local 
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In this section, the new decentralized RHFC will be given. And the optimization problem of it can be denoted as Eq. (24) , called assumed control [11] , is defined as follows,
where k i (z i ) is the local tracking controller of system (17) 
B. Convergence
Before proving the convergence of algorithm (24), we firstly gives some definitions and some assumptions, (17), i.e., ,
The solution of optimization problem (24) is continuous.
Assumption III:
The cost term q is defined as, where Q>0, γ>1. Firstly, the following lemma can be obtained easily, Lemma I: 
Thus,
i.e., z * (t k +T;z(t k ))∈ r Ω . █ And then, the following lemma by using the RHFC as (24), Lemma II:
If assumption I -III is satisfied, and V i is a local TCLF of the formation control problem (17) 
Γ (r v is defined as Eq. (37)), there exists a positive constant ξ such that the following inequality is satisfied for all δ<T, 
Proof:
Let ( ) 
Consider the cost of using v for T seconds beginning at an initial state z 
) 
Thus, (39) can be rewritten as,
Thus, Eq. (43) can be changed into the following form, Under assumption I -III, for any positive constant ξ, there exists a δ(z i (t k )) > 0 such that ( )
At time τ = t k , the following condition is right, 
Under the assumption II, ( ) k z t is absolutely continuous. Thus, based on Lemma II, we can choose δ(z i (t k ))>0, for any given ξ>0, such that for any τ∈ [t k , t k +δ(z i (t k ))], the following inequality is satisfied, The simulation results are listed as Fig.1 , where the red dashed lines are the desired trajectories of each UH system, and blue solid lines are the real trajectories of each UH system. From Fig.1 , we can see that when the desired flight state is changed in the 10 th second, the desired velocity of the formation is changed from [1;0;0] to [0;0;-1]. Due to the coupling of the UH systems, the positions in x axis and z axis are influenced by each other, but the formation can be kept always. This shows that the new proposed decentralized formation algorithm of this paper is feasible and the formation flight is realized. In this paper, a new decentralized receding horizon formation controller was proposed. It has the following there advantages: 1) The full dynamics model of the unmanned helicopter system, instead of the kinematic model, is considered; 2) The local stability of each unmanned helicopter system is ensured by a fast tracking controller, and whose performance can be sufficiently considered to decentralize the formation control algorithm by combining the receding horizon optimization strategy with the concept of Formation Control Lyaounov Functions; 3) The convergence of the formation control algorithm can be ensured by increasing an additive constraints with respect to the predicted trajectory. Finally, the simulations with respect to formation systems consisting of three UH systems are conducted and the results are presented and analyzed to verify the validity of the algorithm.
